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ABSTRACT
While about a dozen transiting planets have been found in wide orbits around an
inner, close stellar binary (so-called “P-type planets”), no planet has yet been detected
orbiting only one star (a so-called “S-type planet”) in an eclipsing binary. This is de-
spite a large number of eclipsing binary systems discovered with the Kepler telescope.
Here we propose a new detection method for these S-type planets, which uses a cor-
relation between the stellar radial velocities (RVs), eclipse timing variations (ETVs),
and eclipse duration variations (EDVs). We test the capability of this technique by
simulating a realistic benchmark system and demonstrate its detectability with exist-
ing high-accuracy RV and photometry instruments. We illustrate that, with a small
number of RV observations, the RV-ETV diagrams allows us to distinguish between
prograde and retrograde planetary orbits and also the planetary mass can be esti-
mated if the stellar cross-correlation functions can be disentangled. We also identify
a new (though minimal) contribution of S-type planets to the Rossiter-McLaughlin
effect in eclipsing stellar binaries. We finally explore possible detection of exomoons
around transiting luminous giant planets and find that the precision required to detect
moons in the RV curves of their host planets is of the order of cm s−1 and therefore
not accessible with current instruments.
Key words: methods: numerical, observational– planetary system–stars: binaries–
techniques: photometric, radial velocities, timing
1 INTRODUCTION
Among the detection of thousands of extrasolar planets and
candidates around single stars, the Kepler telescope has also
delivered the first transit observations of planets in stellar
multiple systems, eleven in total as of today (Doyle et al.
2011; Welsh et al. 2012; Orosz et al. 2012a,b; Schwamb et al.
2013; Kostov et al. 2014; Welsh et al. 2015; Kostov et al.
2016). Most of these binaries show mutual eclipses, therefore
allowing precise radius estimates of both stars and planets in
a given system. All of these planets are classical “circumbi-
nary planets”, or P-type planets (Dvorak 1982), orbiting on
the circumbinary orbit around an inner stellar binary (or
their common center of mass) on a wide orbit. In other sys-
tems, the planetary transit cannot be observed directly, but
stellar eclipse timing variations (ETVs) still signify the pres-
ence of one or more P-type planets (Beuermann et al. 2010;
? E-mail: moshagh@astro.physik.uni-goettingen.de
† E-mail: heller@mps.mpg.de
Qian et al. 2010; Beuermann et al. 2011; Schwarz et al. 2011;
Qian et al. 2012; Beuermann et al. 2012, 2013; Marsh et al.
2014; Schwarz et al. 2016), some of which are still being
disputed (Horner et al. 2012, 2013; Bours et al. 2016).
Planets also exist in S-type configurations (“S” for satel-
lite), where the planet orbits a star in a close orbit, while
both the planet and its host star are gravitationally bound
to an additional star.1 Many of the known exoplanets are in-
deed S-type planets, mostly in wide-orbit binaries. A handful
of S-type planets are orbiting stellar binaries with separa-
tions . 20 AU (the tightest known binary which hosts a
s-type planet is KOI-1257 system with the semi-major axis
of 5.3 AU (Santerne et al. 2014)) , but none of these systems
1 A third configuration is referred to as ‘L-type” (or sometimes
“T-type”, “T” for Trojan), where the planet is located at either
the L4 or L5 Lagrangian point (Dvorak 1986). Such planets have
been suggested, and could possibly be detectable via eclipse time
variations (Schneider & Doyle 1995; Schwarz et al. 2015), but
remain undiscovered as of today.
c© 2016 The Authors
ar
X
iv
:1
61
0.
04
04
7v
2 
 [a
str
o-
ph
.E
P]
  1
9 D
ec
 20
16
2 M. Oshagh, R. Heller, and S. Dreizler
are eclipsing. In other words, there has been no detection of
an S-type planet in a stellar eclipsing binary.
Formation of S-type planets, particularly of giant plan-
ets, in close binaries may be hampered by gravitational and
dynamical perturbations from the stars (Whitmire et al.
1998; Nelson 2000; The´bault et al. 2004; Haghighipour 2009;
Thebault & Haghighipour 2014). However, to explain the
discovered S-type planets in close (non-eclipsing) binaries,
several solutions have been proposed. For instance, a binary
orbit might be initially wide and tighten only after planet
formation and migration have completed (Malmberg et al.
2007; The´bault et al. 2009; Thebault & Haghighipour 2014).
Alternatively, S-type planets, giant or terrestrial, in close
eclipsing binaries could build up through other formation
scenarios, such as gravitational instabilities (Boss 1997) or
in-situ core-accretion (Boss 2006; Mayer et al. 2007; Ducheˆne
2010).
Therefore, S-type planets in close eclipsing binaries
might be expected to be rare from both a formation and
an orbital stability point of view (Dvorak 1986; Holman
& Wiegert 1999; Horner et al. 2012). Yet, the discoveries
of planets around pulsars (Wolszczan & Frail 1992), of the
previously unpredicted families of hot Jupiters (Mayor &
Queloz 1995), and of circumbinary planets (Doyle et al.
2011) remind us that formation theories do not necessarily
deliver ultimate constraints on the actual presence of planet
populations. As a consequence, the discovery of an S-type
planet in close eclipsing binaries would have major impact
on our understanding of planet formation and evolution. The
detection of almost 3,000 close eclipsing binaries with Kepler
(Kirk et al. 2016) suggests that a dedicated search could in-
deed be successful. In Figure 1, we show the orbital period
(P ) distribution of these systems.2 Note that binaries with
P < 10 d have Hill spheres of about ten solar radii or smaller,
so any planets might be subject to removal over billions of
years. In systems with periods beyond 10 d, however, S-type
planets might be long-lived and present today.
Here we report on a new method to detect S-type plan-
ets in close eclipsing binaries using radial velocities (RVs),
eclipse timing variations (ETVs), and eclipse duration varia-
tion (EDVs). It is an extension of recently developed meth-
ods to find extrasolar moons around transiting exoplanets
via the planet’s transit timing variations (TTVs; Sartoretti
& Schneider 1999) and transit duration variations (TDVs;
Kipping 2009a) independent of the moon’s direct photomet-
ric signature. In comparison to S-type exoplanet searches
based on ETVs only, the combination of ETVs and EDVs
provides a non-degenerate solution for the planet’s mass
(Mp) and its semi-major axis (a) around the secondary star
(Kipping 2009a). The RV method, using proper treatment
of the stellar cross-correlation functions (CCFs) as described
in this paper, offers additional measurements of Mp, which
must be consistent with the value derived from the ETV-
EDV approach. What is more, the RV-ETV diagram offers
a means to determine the sense of orbital motion of the
planet (prograde or retrograde).
This paper is organised as follows: In Section 2 we de-
scribe the basic idea behind our method and we describe the
simulations which we perform to evaluate the feasibility of
2 http://keplerebs.villanova.edu
Figure 1. Period distribution of almost 3,000 stellar
eclipsing binaries observed by Kepler space telescope from
http://keplerebs.villanova.edu (Kirk et al. 2016). The horizontal
bar represents a density distribution of the histogram with dark
blue corresponding to the highest densities and white correspond-
ing to zero.
our method. In Section 3. we present the results of our tests.
We summarise our conclusions in Section 4.
2 METHODS
2.1 Principles of RV, ETV, and EDV correlations
Consider an eclipsing binary system consisting of a primary
star, which shall be the more massive one, and a secondary
star. Without loss of generality, the secondary star shall be
orbited by a close-in planet. Then the planet will cause the
secondary star to perform a curly, wobbly orbit around the
center of mass of the stellar binary. Hence, the eclipses will
not be exactly periodic: sometimes they will be too early, at
other times they will be too late compared to the average
eclipse period. The resulting ETVs are essentially equiva-
lent to the previously predicted TTVs of transiting plan-
ets due to the gravitational perturbations of an extrasolar
moon (Sartoretti & Schneider 1999). Additionally, the tan-
gential orbital velocity component of the secondary star in
the star-planet system causes EDVs, which are analogous to
the transit duration variations of a transiting planet with a
moon (Kipping 2009a). Both ETVs and EDVs (or TTVs and
TDVs) are phase-shifted by pi/2, that is, they form an el-
lipse in the ETV-EDV (or TTV-TDV) diagram (Heller et al.
2016). By using high-precision photometric time series, e.g.
with the Kepler space telescope, very high-precision ETV-
EDV measurements can be obtained. Kepler ’s median tim-
ing precision turned out to be . 30 s (Welsh et al. 2013)
and ETV accuracies obtained by Borkovits et al. (2016) are
typically below this level.
Beyond ETVs and EDVs, the planet imposes a periodic
RV variation onto its host star. RV observations of the sec-
ondary star, however, would be challenging because, first,
MNRAS 000, 1–9 (2016)
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Figure 2. Radial velocity components of a binary system with an S-type planet around the secondary star. Panel a) shows the RV of
the primary due to the gravitational pull of the secondary. Red dots denote times of eclipses, when the secondary star is in front of the
primary (as seen from Earth) and the RV signal is zero. Panel b) illustrates the true RV variation of the secondary star due to its S-type
planet and panel c) depicts the secondary’s RV, which is diluted by the brightness contrast between the primary and the secondary.
Panel d) shows the total RV of the system, i.e. the sum of a) and c).
the spectrum of the secondary star would be diluted by the
primary star; and second, the RV signal of the secondary
star will be on top of a much more pronounced RV signal
of the stellar binary. To tackle the latter aspect, we propose
to obtain the RV measurements exactly just before or after
eclipse. Thus, as the orbital geometry of the stellar binary
will be consistent during each such RV measurement, the
RV component of the stellar binary will be equal for each
measurement as well. In particular, the binary’s RV compo-
nent will be zero (see Figure 2a) and the observed RV will be
due to the secondary’s motion around the secondary-planet
center of mass only (see Figure 2d). By limiting ourselves
to measurements just before or after eclipse, we also avoid
contributions of light travel time effects to our ETV mea-
surements (Woltjer 1922; Irwin 1952).
In Figure 3, we illustrate the correlation of ETVs with
RVs and of EDVs with RVs acquired around eclipse. The
upper panel refers to a prograde planetary orbit, where the
planet’s sense of orbital motion is the same as the stellar
binary’s sense of orbital motion; the lower panel depicts a
retrograde planetary orbit. The key feature of the RV-ETV
correlation is in the slope of the observed curve. A negative
slope (upper panel) indicates a prograde planetary orbit,
whereas a positive slope (lower panel) is suggestive of a ret-
rograde orbit. We arbitrarily normalized both the RV and
the EDV amplitudes to obtain a circle. In general, however,
the RV-EDV figure will be an ellipse with its semi-major
and semi-minor axis given by the RV and EDV amplitudes
(or vice versa).
2.2 Feasibility tests for S-type planets and
exomoons
To assess the feasibility of our method, we simulate obser-
vations of two toy systems.
2.2.1 A Sun-like primary and a K-dwarf secondary with
an Jupiter-sized S-type planet
Our first test case consists of a Sun-like G-dwarf primary star
and K-dwarf secondary star hosting an S-type Jupiter-style
planet. The orbital period of the binary is chosen to be 50 d
and the planet is put in a 4 d orbit. This choice is dominantly
motivated by constraints on the long-term orbital stability of
the planet. Numerical simulations by Domingos et al. (2006)
showed that the outermost stable orbit of a prograde satellite
is at about half the Hill radius around the secondary, which
translates into a maximum orbital period for the planet of
about 1/9 the orbital period of the binary (Kipping 2009a).
We consider the CCFs of the publicly available HARPS
spectra of 51 Peg (our primary) and HD 40307 (our sec-
ondary) as reference stars.3 In Table 1 we list their phys-
ical parameters. As mentioned above, our hypothetical RV
observations are supposed to be taken near eclipse when
the primary’s CCF will have zero RV. We therefore cor-
rect the CCF of 51 Peg to be centered around zero RV
throughout our computations. The RV amplitude (K) im-
posed by a 4 d Jupiter-sized planet on an HD 40307 is about
150 m s−1. Hence, we periodically shift the secondary’s CCF
according to the planet’s orbital phase with an amplitude
of K = 150 m s−1. We normalize the secondary CCF to the
3 http://archive.eso.org/wdb/wdb/adp/phase3 spectral/form
?collection name=HARPS
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Figure 3. Top: Illustration of the RV-ETV and RV-EDV corre-
lations for a prograde S-type planet (small black circle) around a
secondary star (intermediate circle) eclipsing a primary star (big
yellow circle). The colors of the secondary indicate its instanta-
neous RV. Blue means a negative RV-shift (toward the observer),
white means zero RV, red means positive contribution (away from
the observer). Arrows indicate the planet’s direction of motion
around the secondary. Images 1-4 depict four specific scenarios
for the secondary-planet orbital geometry during eclipse, which
can be found in the respective diagrams. Bottom: Same as top
but for a retrograde planet.
total flux of the system to properly model the brightness
contrast between the two stars (see Figure 4). We then add
the shifted CCF of the secondary and the zero-RV CCF of
the primary to obtain the combined CCF (CCFtot). For dif-
ferent orbital phases of the planet around the secondary, we
then fit a Gaussian function to CCFtot to approximate an
observed RV measurement of the unresolved system. A sim-
ilar approach was taken by Santos et al. (2002) to study the
RV signal of HD 41004 AB.
To estimate the ETV and EDV amplitudes of the sec-
ondary star due its planet, we utilize the analytical frame-
work of Kipping (2009a) and Kipping (2009b), which has
originally been developed to estimate the TTVs and TDVs
of transiting planets with moons. Each individual ETV and
EDV measurement in our simulations is calculated by weigh-
Table 1. Physical parameters of 51 Peg and HD 40307.
Star Mass Radius Teff v sin(i) mV
M R K km s−1
51 Peg 1.11 1.266 5793 2.8 5.49
HD 40307 0.77 0.68 4977 < 1 7.17
ing the respective amplitude with a sine function of the plan-
etary orbital phase, ETV and EDV being shifted by pi/2.
2.2.2 An M-dwarf and a primordially transiting hot
Jupiter with a Neptune-sized exomoon
Our second test case consists of an M-dwarf and a luminous
Jupiter-like transiting planet with a Neptune-mass invisible
moon. The orbital periods are the same as we used for the
first toy system and Hill stability is ensured. The Jupiter-
like transiting planet cannot be considered as a canonical
“hot Jupiter” because the illumination from the M-dwarf
would be too weak to heat it up significantly. Hence, in order
to make the planet visible in thermal emission, its intrinsic
luminosity would need to be fed by primordial heat, which
could be sufficient for detection during the first ∼ 100 Myr
after the formation of the system.
We model the CCF of the M-dwarf using a HARPS ob-
served CCF of GJ 846, an M0.5 star (Henry et al. 2002) with
a mass of approximately 0.63 solar masses (M), assuming
solar age and metallicity (Chabrier & Baraffe 2000). Since
there is no direct observation of any hot Jupiter emission
spectrum, there also is no observed CCF available for our
simulations. Instead, we use the CCF of 51 Peg b observed
by Martins et al. (2015) in reflected light. We consider a
Gaussian function with same depth and width as the CCF
of 51 Peg b reported by Martins et al. (2015) for the transit-
ing planet.4
Our preliminary tests showed that no moon, which can
reasonably form through in-situ accretion within the gas
and dust accretion disk around a young giant planet (a few
Mars masses at most; Canup & Ward 2006; Heller & Pu-
dritz 2015), could induce a detectable RV or ETV-EDV sig-
nature. Hence, to explore the detection limit, we assumed
an extreme version of a Neptune-sized satellite around the
Jovian-style transiting planet, which essentially results in a
planetary binary orbiting the M-dwarf host star. The K am-
plitude of this planetary binary, which we use to shift the
planetary CCF as a function of the planet’s orbital phase
around the common center of mass, is around 500 m s−1.
2.3 In-eclipse RVs and the Rossiter-McLaughlin
effect
As the primary star rotates, one hemisphere is moving to-
ward the observer (and therefore subject to an RV blue-
shift), while the other hemisphere is receding (and therefore
4 Note that 51 Peg b is orbiting on a shorter period orbit, there-
fore it is much brighter in the reflected light than our test planet
in a 50 d orbit.
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red-shifted). During eclipse of a prograde binary, the sec-
ondary star first occults part of the blue-shifted hemisphere
and, thus, induces an RV red-shift. During the second half of
an eclipse, assuming zero transit impact parameter, the RV
shift is blue. The resulting RV signal, known as the Rossiter-
McLaughlin effect (RM) (Rossiter 1924; McLaughlin 1924),
has been used to determine the projected stellar rotation ve-
locity (v sin i) and the angle between the sky-projections of
the stellar spin axis and the orbital plane of eclipsing bina-
ries, and recently has been used for the transiting exoplanets
in almost 100 cases as of today.5
We suppose that the presence of an S-type planet
around the secondary star could create an additional RV
component in the RM signal because the light coming from
the secondary star will show different RV shifts during sub-
sequent eclipses (see Figure 3). To test our hypothesis, we
use the publicly available SOAP-T software (Oshagh et al.
2013a)6, which can simulate a rotating star being occulted
by a transiting foreground object. SOAP-T generates both
the photometric lightcurve and the RV signal and it can also
deliver the time-resolved CCFs of the system.
We assume that the primary star rotates with the ro-
tation period of 24 days, which is close to the Sun’s value.
We simulate the eclipse of the secondary and generate the
CCFs of the combined system for three orbital phases of
the secondary star around its common center of mass with
its S-type planet. One orbital phase simply assumes a zero
RV shift of the secondary, corresponding to an orbital ge-
ometry where the secondary and its planet are both on the
observer’s line of sight. The second scenario assumes that the
secondary is moving toward the observer with its K ampli-
tude (see Section 2.2) during eclipse and so the secondary’s
CCF is maximally blue-shifted in this eclipse simulation.
We then estimate the observed RV by fitting a Gaussian to
all those CCFs, and obtain the RM signal that is contami-
nated by a redshifted secondary. Finally, the third scenario
assumes a maximum redshift of the secondary during eclipse.
3 RESULTS
In the following, we focus on our first test case of a Sun-like
host with a K-dwarf companion and a Jovian S-type planet
(Section 2.2.1). Our second test case of an M-dwarf with a
planetary binary is considered in a separate Section 3.4.
3.1 RV correlations with ETVs and EDVs
We first explore the correlation between the secondary’s
RVs, as measured directly from the combined dG-dK CCF
(CCFtot), with their corresponding ETV and EDV observa-
tions. Figure 5 shows the RV-ETV and RV-EDV patterns
for both a prograde (upper panels) and a retrograde (lower
panels) S-type planet. Nominal error bars of 30 s (Kepler ’s
median timing precision; Welsh et al. 2013) for ETVs and
EDVs as well as 1 m s−1 for the RV simulations (obtainable
with HARPS) are shown in each panel. The sequence of the
5 See the Holt-Rossiter-McLaughlin Encyclopaedia at
www2.mps.mpg.de/homes/heller.
6 Available at www.astro.up.pt/resources/soap-t.
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HD 40307 obtained with HARPS, and normalized to its contin-
uum. The dashed dotted cyan line shows the CCF of HD 40307 at
zero RV and normalized to the total flux of system. The dashed
red line illustrates the same CCF of HD 40307 but shifted by the
maximum RV induced by our S-type test planet (K = 150 m s−1).
first five measurements is indicated with red symbols and
numbers. As a reading example, consider measurement “1”
in the upper row. A maximum ETV observation of ∼ +3
min in panel (a)7 means that the passage of the secondary
star in front of the primary is maximally delayed. With re-
gards to Figure 3, the secondary has its maximum deflec-
tion to the left (see configuration labelled “1”) so that the
prograde planet is maximally deflected to the right. The
prograde motion of the planet then implies that the planet
is receding from the observer while the star is approach-
ing and, hence, the latter is subject to a maximal RV blue
shift of about −40 m s−1 in Figure 5a. Regarding the EDV
component of “1” in Figure 5b, it must be zero as the sec-
ondary’s motion around the local secondary-planet center of
mass has no tangential velocity component with respect to
the observer’s line of sight.
One intriguing result of these simulations is that the
slopes of the RV-ETV figures for the prograde (panel a) and
the retrograde planet (panel c) indeed exhibit different alge-
braic signs. The prograde scenario shows a negative slope,
the retrograde case a positive slope, as qualitatively pre-
dicted in Section 2.1. Also note that the sequence of simul-
taneous RV-EDV measurements in the prograde case (panel
b) is a horizontally mirrored version of the retrograde case
(panel d). The main advantage of our method is that by ob-
taining a small number of RV observations we will be able to
7 Sequences of both ETVs and EDVs always relate to an average
eclipse period (for ETVs) or average eclipse duration (for EDVs).
Hence, the first eclipse observation would, by definition, have no
ETV or EDV. Only once multiple eclipses have been observed
will the ETV-EDV measurements settle along the figures shown
in Figure 5 and measurement “1” will turn out to have an ETV
of about +3 min as in this example.
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Figure 5. Correlation of the RVs, ETVs, and EDVs of the secondary K-dwarf star due to a giant planet (GP) companion, both orbiting
a dG primary star. In each panel, the sequence of the first five measurements is labeled with red numbers. Nominal error bars of ±1 m s−1
in RV and 30 s in both ETV and EDV are shown in each panel. Panels (a)-(b) assume a prograde sense of orbital motion of the dK-GP
system. Panels (c)-(d) assume a retrograde sense of orbital motion.
detect the S-type planet in the system, distinguish between
the prograde and retrograde orbit.
In Appendix A, we also present the correlation between
the Bisector Inverse Slope (BIS) (Queloz et al. 2001) and
the FWHM of the CCFs and the ETV.
3.2 Planetary mass estimation
By fitting the Gaussian profile to CCFtot, we find that the
RV variation of the secondary due to its Jupiter-sized S-type
planet is strongly diluted by the primary star. We detect an
RV amplitude of about 40 m s−1. Hence, the corresponding
mass of the planet would be strongly underestimated. Our
simulated RV observations are shown Figure 6.
To derive a more accurate measurement of planet’s
mass, we remove the contribution of primary light from
CCFtot. We first fit a Gaussian function to the CCF of the
primary’s star and then use this fit as a template represent-
ing the CCF of primary (as shown in Figure 4 in dashed
black line). We then remove this template Gaussian from
all simulated CCFtot measurements, which in reality would
represent the observed CCF of the unresolved binary system.
We then fit a Gaussian function to all measurements in
our simulated CCF time series, from which the primary’s
contribution has been removed, to estimate the RVs of the
secondary due its S-type planet. We retrieve the RV vari-
ation amplitude induced by the S-type planet on the sec-
ondary star that is 85 % ± 1 % of the actual value (see Fig-
ure 6), which translates into an underestimation of the min-
imum planetary mass by 15 % ± 1 %.
3.3 Distortions of the Rossiter-McLaughlin effect
While RV-ETV and RV-EDV correlations require the RV
measurements to be taken either slightly before or after
eclipse in order to minimize effects of the eclipsing star on
the spectrum of the primary in the background (Section 2.1),
we now consider the actual in-eclipse RVs of the system as
described in Section 2.3.
In Figure 7 we show the impact of the S-type planet on
the observed RM as derived from the total CCF of the dG-
dK binary. Although the additional effect is only a few per-
cent (∼ 1.5 m s−1) of the total RM amplitude (∼ 75 m s−1),
it could be detectable with current high-precision spectro-
graphs. If not taken into account properly, the asymmetry in
the RM contributions could lead to inaccurate estimations
MNRAS 000, 1–9 (2016)
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is moving away from the observer.
of the spin-orbit angle of the eclipsing binary. But if the vari-
ation in the RM amplitude during subsequent eclipses can
be correlated with the presence of an S-type planet, then it
could serve as an additional means of verifying the S-type
planet. That being said, note that there are several other
phenomena that can affect the RM signal, such as gravi-
tational microlensing (Oshagh et al. 2013c), the convective
blueshift (Cegla et al. 2016), and occultations active region
on the background star (Oshagh et al. 2016).
3.4 Detectability of extremely massive moons
around Jovian planets
Our simulations of an extremely massive moon around a
transiting, luminous giant planet in orbit about an M-dwarf
star are shown in Figure 8. The predicted RV amplitude of
the observations is of order of cm s−1. Note that the ampli-
tude of the planet’s actual RV motion of 500 m s−1 is much
larger than the 150 m s−1 that we estimated for the K-dwarf
due its S-type planet in our first test case. However, the flux
ratio between a Jovian planet and its M-dwarf host star is
much lower.
Hence, we find that the precision required to detect
even a ridiculously massive exomoon, or essentially a bi-
nary planet, is unachievable with current RV facilities. Near
future facilities such as ESPRESSO at the Very Large Tele-
scope might be able to go down to the cm s−1 accuracy level
in favorable cases (Pepe et al. 2010), so future detections of
highly massive exomoons or binary planets might be possible
in principle, but will certainly be challenging.
4 CONCLUSION
We present a novel theoretical method to detect and ver-
ify S-type planets in stellar eclipsing binaries by correlating
the RVs of the secondary star with its ETVs and EDVs.
We test the applicability of our method by performing re-
alistic simulations and find that it can be used to detect
a short-period S-type planet (e.g. a hot Jupiter) around a
K-dwarf or lower-mass secondary star in a moderately wide
orbit (∼ 50 d) around a Sun-like primary star, e.g. using
Kepler photometry and HARPS RV measurements. We also
MNRAS 000, 1–9 (2016)
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Figure 8. RVs, TTVs, TDVs of the transing planet due to a Neptune-sized moon. The host star is of spectral type M-dwarf. We assume
a prograde sense of orbital motion of the exomoon system. Nominal error bars of 30 s in both TTV and TDV are shown in each panel.
Nominal error bars of RV measurements are assumed to be in the order of 10 cm s−1.
find that the RV-ETV diagram can be used to distinguish
between prograde and retrograde S-type orbits. The sense
of orbital motion is a key tracer of planet formation and mi-
gration, so the RV-ETV correlation identified in this paper
could be very useful in studying the origin of close-in planets
in binaries.
We show that the removal of the primary’s CCF from
the combined CCF of the unresolved stellar binary can yield
realistic estimates of the planetary mass through RV mea-
surements. With the ETV-EDV relation offering a method-
ologically independent measurement, we find that combined
RV-ETV-EDV observations offer a means to both detect
and confirm/validate S-type planets at the same time. ETV-
EDV measurements also deliver the planet’s orbital semi-
major axis around the secondary star. In this paper, we pro-
pose that RV observations be taken near eclipse in order to
correlate them with ETVs and EDVs. After about a dozen
eclipses, or if additional RV measurements could be taken
far from eclipse, it could be possible to securely identify the
planet’s orbital period around the secondary star. And if
the secondary’s mass can be estimated from its spectrum
and using stellar classification schemes (e.g. stellar evolution
models), then RVs could also yield an independent measure-
ment of the planet’s semi-major axis, which needs to be in
agreement with the value derived from the ETV-EDV data.
Various physical phenomena can mimic RV-ETV and
RV-EDV correlations, such as the stellar activity. Transit-
ing planets crossing stellar active regions, for instance, can
cause TTVs and TDVs (Oshagh et al. 2013b). It is also well-
known that active regions on a rotating star affect the CCF,
and thus produce RV variations, even if the planet does not
transit (Queloz et al. 2001). We therefore presume that it is
plausible that stellar activity produces some kind of corre-
lation between RVs and ETVs or EDVs, although it might
be very different from the patterns we predict for S-type
planets.
Eclipsing binaries from Kepler are usually faint with
typical Kepler magnitudes 11 . mK . 15 (Borkovits et al.
2016). RV accuracy of ∼ 1 m s−1 will be hard to achieve for
many of these systems. The PLATO mission, scheduled for
launch in 2025, will observe ten thousands of bright stars
with mV < 11 (Rauer et al. 2014), many of which will turn
out to be eclipsing binaries. PLATO will therefore discover
targets that allow both more accurate ETV-EDV measure-
ments and high-accuracy ground-based RV follow-up.
APPENDIX A: VARIATIONS OF THE
BISECTOR SPAN AND THE FULL WIDTH AT
HALF MAXIMUM
As an extension of the data shown in Figure 5, we append
figures of the bisector inverse slope (BIS) (Queloz et al. 2001)
and of the full width at half maximum (FWHM) of the CCFs
as a function of the stellar ETVs. The data refers to the
prograde scenario of a Jupiter-sized S-type planet in a 4 d
orbit around a K-dwarf star, both of which orbit a Sun-like
primary star every 50 d (see Section 2.2.1). Figure A1 clearly
reveals additional BIS-ETV and FWHM-ETV correlations.
However, our follow-up simulations did not indicate a unique
correlation between the planet’s sense of orbital motion and
either the BIS or the FWHM.
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